Abstract: Accumulation of plastic waste is a major environmental problem. Enzymes, particularly esterases, play an important role in the biodegradation of polyesters. These enzymes are usually only active on aliphatic polyesters, but a few have showed catalytic activity for semi-aromatic polyesters. Due to the importance of these processes, an atomic level characterization of how common polyesters are degraded by esterases is necessary. Hereby, we present a Molecular dynamics (MD) and Quantum Mechanics/Molecular Mechanics (QM/MM) MD study of the hydrolysis of a model of polycaprolactone (PCL), one of the most widely used biomaterials, by the thermophilic esterase from the archaeon Archaeoglobus fulgidus (AfEST). This enzyme is particularly interesting because it can withstand temperatures well above the glass transition of many polyesters. Our insights about the reaction mechanism are important for the design of customized enzymes able to degrade different synthetic polyesters.
Introduction: In the last years, an exponential increase of the environmental problems associated with plastics has stimulated a new interest in aliphatic polyesters for several applications such as degradable materials in packaging, disposables and biomedical materials as alternatives to commodity plastics. 1 These polymers, in particular poly(butylene succinate) -PBS, poly(ε-caprolactone) -PCL, poly(lactic acid) -PLA and poly(3-hydroxybutyrate) -PHB have attracted much interest because of their desirable properties of biocompatibility and biodegradability. 2 PCL is a bioresorbable polymer with a slow hydrolytic degradation rate (2-3 years) which has been widely used in biomedical applications, such as in nanoparticles for targeted drug delivery systems and in the engineering of tissue scaffolds.
2,3
Several lipases (EC 3.1.1.3) and some carboxylesterases (EC 3.1.1.1) are active on aliphatic polyesters and thus can be employed in their synthesis or hydrolysis.
4,5 They represent a milder and selective alternative because they do not require the use of toxic reagents, which avoids problems associated with trace residues of metallic catalysts in biomedical applications. 4, 6 Compared with conventional chemical routes, enzymatic catalysis gives a more precise construction of well-defined structures, such high control of enantio-selectivity, chemo-selectivity, regio-selectivity, stereo-selectivity and choro-selectivity. 7 These enzymes are characterized by a α/β hydrolase fold and a catalytic triad consisting of an aspartate (Asp) or glutamate (Glu) residue, a histidine (His) and a nucleophilic serine (Ser) residue. 8 They display a pingpong bi-bi mechanism comprising nucleophilic attack by the catalytic serine, which first or in concerted manner transfers its proton to the catalytic histidine, forming the first tetrahedral intermediate (INT-1).
This is followed by proton rearrangement and release of the alcohol moiety, which leads to the formation of the acyl-enzyme intermediate (also called enzyme activated monomer -EAM). This intermediate is then deacylated by an incoming nucleophile, which is generally a water, an alcohol or an amine. The formation of the second tetrahedral intermediate (INT-2) and proton rearrangement finally leads to product release and regeneration of the free enzyme (Scheme 1).
9,10
Scheme 1. General catalytic cycle for polyesters (PE) biosynthesis.
Biosynthesis is achieved via ring-opening polymerization (ROP) of cyclic monomers such as cyclic esters (lactones) and condensation polymerization. 11 In lipase/esterase ROP the first step is the opening of the lactone ring by nucleophilic attack of the serine, forming the EAM. Chain initiation occurs through deacylation by water forming 6-hydroxycaproic acid (6-HCA) and chain propagation by deacylation by the terminal alcohol of a growing PCL chain. Although, chain initiation is necessary for ROP, 6-HCA and water are competitive nucleophiles to the growing PCL chain.
12
Enzymatic hydrolysis is the major factor on the degradation of PCL in compost and sea water. 13 The biodegradability of polyesters depends on the chemical and physical properties of the polymer, particularly on the degree of crystallinity. 14 This dependence model was first deduced from the correlation that was found between the difference in the temperature at which the degradation takes place with Pseudomonas sp. lipase and the melting point of the polyester. 15 According to this model, polymers with high melting points such as Polyethylene terephthalate (PET) would not be able to undergo biodegradation. Nevertheless, since then several enzymes were discovered that are able to degrade PET.
One of those is even active on PET with ≈15% crystallinity.
16
For a polymer to be hydrolyzed, the polymeric chains need to have enough mobility to reach the enzyme active site. Reactions at higher temperatures can promote higher chain flexibility at the 4 amorphous regions of polymers. Therefore, thermophile enzymes, which allow reactions over harsh conditions without significant loss in enzymatic activity, are promising candidates for potential industrial
applications. An example is the esterase from the hyper-thermophilic archaeon Archaeoglobus fulgidus (AfEST) that has broad substrate specificity and high stability. 17 This enzyme has been well characterized with concern to the crystal structure, catalytic mechanism and substrate specificity. It has a classical α/β hydrolase fold and a cap domain and displays a dimer arrangement. Here we have studied the catalytic mechanism for PCL hydrolysis and were able to characterize in detail all intermediates involved in polyester hydrolysis by this enzyme. This study opens the way for future design of tailored enzymes able to hydrolyze a broad range of polyesters.
Results and Discussion

Formation of EAM with PCL Model Compound (PCL 2 ): Analysis of the binding of substrates and
intermediates to the AfEST active site, shows that the enzyme displays a medium and a large pocket ( Figure 1 ). Both pockets are located at the interface between the α/β hydrolase fold and the cap domains, but whereas the medium pocket has no opening to the outside of the protein, the large pocket has an opening that allows the access of the hydrolysable ester and nucleophiles to the active site of the enzyme.
Consequently, the access to the medium pocket must be through the large pocket ( Figure 1 ). The overall volume of the pockets is 343.454 Å 3 , which is of considerable size comparing with other esterases/lipases with known structure that are capable to hydrolyze different aliphatic and semi-aromatic polyesters (Table   S1 ).
The oxyanion hole of AfEST is composed by the amide groups of the backbone: Gly 88 , Gly 89 and Ala 161 . These atoms establish hydrogen bonds with the oxygen atom of the tetrahedral intermediate (Table   S2 ), leading to stabilization of the developing negative charge of this atom during the catalytic cycle. In the reactant complex, the average distance between the oxygen atom of Ser 160 and the carbon of the carbonyl from substrate that is going to be attacked is 3.82±0.38 Å (Figure 2 , Table S2 ). Table S2 ).
INT-1 is converted to the EAM with the release of 6-HCA, being the TS 2 structure ( Figure S2 Figure S3 ).
Scheme 3. Second half-part of the catalytic cycle of the hydrolysis of PCL 2 .
In the EAM structure, the alcohol from substrate is in the medium pocket and the average distance of the closest water oxygen atom to the carbon of EAM is 6.86 Å. There are several water molecules in the vicinity of the EAM ( Figure S4 ). TS 3 is 6.4 kcal/mol above the EAM, being the formation of INT-2 8 exergonic in relation to the formation of EAM with a ΔG of -2.1 kcal/mol (Figure 4 ). Water will drive the equilibrium towards the acid release and a second molecule of 6-HCA is released, regenerating the free enzyme that is ready for another turnover. The transition state (TS 4 , Figure S5 ) associated with this step has a ΔG ‡ of 6.6 kcal/mol (Figure 4) . In the products, we observe that the carbonyl moiety makes hydrogen bonds with Ser 160 and His 285 and the alcohol moiety moves to the large pocket ( Figure 5 , Table S3 ). Implications for the degradability of polyesters: AfEST has been extensively characterized in the synthesis of PCL. 17, 20, 21 It was found that the enzyme can accommodate PCL at its active site, however, the low molecular weight (Mw) of the obtained polyesters shows that hydrolysis competes with the synthesis depending on the amount of water available in the active site. We show that there are several water molecules in the vicinity EAM intermediate ( Figure S4) . The proposed catalytic mechanism shows that the rate-limiting step is easily achievable with a ΔG ‡ of around 12.9 kcal/mol ( Figure 3 ). An in vitro study of AfEST hydrolysis of PNP hexanoate indicates a barrier of 15.5 kcal/mol, which is expected to be higher than the hydrolysis of PCL due to the aromatic moiety of this substrate. 19 Furthermore, other carboxylesterases were found to promote PCL depolymerization. 22 Comparison of the AfEST active site with other esterases/lipases with known structure also shows that AfEST has a large combined volume of the active site pockets ( Figure S3 ).
The physical and chemical properties of the polymer have a strong influence on enzymatic hydrolysis.
PCL has a low melting point of 60 ºC and a glass-transition temperature (T g ) of -60 ºC. However, for polyesters with higher melting points, the degree of crystallinity is a major limiting factor for hydrolysis.
Nevertheless, the amorphous region will contain polymers chains that can access the active site and it was suggested that as the amorphous regions are degraded, the crystalline regions can be ultimately degraded. 23 Consequently, thermophilic enzymes able to operate at higher temperatures than the T g of many types of polyester are good candidates for protein engineering and can help solving the plastic pollution problems that we are currently facing.
Conclusions:
We have conducted a QM/MM MD study of the hydrolysis of a model compound of PCL by the thermophilic esterase from the hyper-thermophilic archaeon Archaeoglobus fulgidus. Our results show that the hydrolysis has an overall ΔG ‡ of just 12.9 kcal/mol, showing that the chemistry step is already very efficient. This makes this enzyme a good starting point for further rational engineering efforts to improve polymer binding while keeping the high thermostability.
Experimental Section
Modelling: The initial structure was modelled from AfEST crystal structure pdb code 1JJI. 8 Hydrogen atoms were added according to the protonation states of the residues taking in account a medium with pH 7 (the enzyme has optimal activity for pH 6.5 to 7.5). 19 The reactants, products and intermediates (INT-1, INT-2 and EAM) were geometry optimized in Gaussian09 24 using B3LYP 25 with the 6-31G(d) basis set and a Polarizable Continuum Model (PCM) 26 solvent description. Atomic partial charges were calculated resorting to the Restrained Electrostatic Potential (RESP) 27 method from HF/6-31G(d) single point energy calculations.
Molecular Docking: Molecular docking was performed using the AutoDock 4.2 suite of programs with the Lamarckian genetic algorithm (LGA) 28 . A grid box was centered on the oxygen of the side chain of the catalytic serine (residue 160 for AfEST). A total of 100 LGA runs were carried out for each ligandprotein complex. The population was 300, the maximum number of generations was 27,000 and the maximum number of energy evaluations was 2,500,000.
Molecular Dynamics: MD simulations were performed using the Amber molecular dynamics program (AMBER18) 29 with the parm99SB 30 and GAFF 31 force fields. The structures were placed within an octahedral box of TIP3P 29 waters (the distance between the protein surface and the box was set to 10 Å) and counter ions were added to make the entire system neutral. The systems were subjected to two initial energy minimizations with the steepest descent and conjugate gradient algorithms and to 500 ps of equilibration in a NVT ensemble using Langevin dynamics with small restraints on the protein (10 kcal/mol) to heat the system from 0 K to 300 K. Production simulations were carried out at 300 K in the NPT ensemble using Langevin dynamics with a collision frequency of 1.0 ps -1 . Constant pressure periodic boundary conditions were imposed with an average pressure of 1 atm. Isotropic position scaling was used to maintain pressure with a relaxation time of 2 ps. The time step was set to 2 fs. SHAKE constraints were applied to all bonds involving hydrogen atoms. 32 The particle mesh Ewald (PME) method 33 was used to calculate electrostatic interactions with a cut-off distance of 10 Å. All the minima in the catalytic cycle were subjected to 50 ns triplicate simulations with different initial velocities, for a total combined time of 750 ns. Reference structures, corresponding to the lowest root-mean-square deviation (RMSD) structures to the average of the simulations, were calculated.
34
Quantum Mechanical/Molecular Dynamics (QM/MM) Calculations: The QM/MM MD calculations 35 were performed using the internal semi-empirical hybrid QM/MM functionality implemented in AMBER18 with periodic boundary conditions. The PM6 36 semi-empirical method was employed for the high-level layer and the MM region was described by the Amber parm99SB force field. 30 The choice of the PM6 Hamiltonian represents a good compromise between the use of a fast and a reliable QM method and the extensive sampling required to accurately determine enzymatic barriers. 36, 37 Electrostatic embedding 38 was employed and the boundary was treated via the hydrogen link atom approach. Long-range electrostatic interactions were described by an adapted implementation of the PME method for QM/MM. . 42, 43 We provide in the Supporting information the coordinates of these structures (Tables S5-S10 ).
Supporting Information: The comparison of the total active site volume for esterases/lipases that accept aliphatic and semi-aromatic polyesters (Table S1 ); The average distance between atoms in Schemes 2 and 3 (Tables S2 and S3 
